Background and Purpose-Auditory functional limitations experienced by patients after stroke of the central auditory pathways remain underinvestigated. Purpose-To measure patient-reported hearing difficulties in everyday life in nonaphasic patients with stroke of the auditory brain versus normal control subjects. To examine how hearing difficulties correlate with auditory tests and site of lesion in individual cases. Methods-We recruited 21 individuals with auditory brain stroke (excluding those with aphasia) diagnosed on the basis of a brain MRI conducted 1 to 2 weeks after the stroke and assessed in the chronic stage of stroke. Twenty-three controls matched for age and hearing were also recruited. All subjects completed the Amsterdam Inventory for Auditory Disability (consisting of subscales of sound detection, recognition, localization, speech in quiet, speech in noise) and underwent baseline audiometry and central auditory processing tests (dichotic digits, frequency and duration patterns, gaps in noise). Results-Sound recognition and localization subscores of the inventory were significantly worse in case subjects versus control subjects, with severe and significant functional limitation (z score Ͼ3) reported by 9 out of 21 case subjects. None of the inventory subscales correlated with audiometric thresholds, but localization and recognition subscales showed a moderate to strong correlation with dichotic digits (left ear) and pattern tests. Conclusions-A substantial proportion of patients may experience and report severe auditory functional limitations not limited to speech sounds after stroke of the auditory brain. A hearing questionnaire may help identify patients who require more extensive assessment to inform rehabilitation plans. (Stroke. 2012;43:00-00.)
H
earing is a complex function underpinned by analysis of sounds in temporal, spectral, and spatial domains. Anatomically, this requires transmission of the auditory signal from the ear to the auditory cortex and further processing to facilitate sound perception and recognition, attention, memory, and learning, which are all integral components of auditory cognition. 1 Hearing impairment has a profound effect on an individual's ability to function at a personal, social, and professional level. 2 Stroke is the commonest neurological disorder and may cause both physical and cognitive impairment. Disruption of hearing attributable to stroke pathology within the auditory pathways is a largely unexplored aspect of poststroke impairment. Although acute loss of hearing acuity attributable to stroke pathology is unusual, 1 elderly stroke patients have an increased risk of hearing loss compared with the general population. 3 Furthermore, stroke may also result in disordered auditory processing. 4 Forty-nine percent of patients with unilateral cerebrovascular auditory structures lesions report auditory perceptual problems with sound localization or in situations involving simultaneous speakers, with the majority of these reporting intact hearing to the treating medical team unless specific detailed questions were asked. 5 A screening study of 51 acute stroke unit patients found that 41% of those failed the hearing screening and reported that 81% of those who failed would have remained unidentified without screening. 6 Hearing facilitates good communication between patients and health professionals, which is essential to deliver appropriate care. 7 Hearing loss increases the risk (OR, 1.83) of physical decline of stroke patients after discharge to the community, because it may restrict the patient's participation in physical rehabilitation programs. 8 Despite their high prevalence and potentially important functional impact, auditory processing deficits attributable to stroke of the central auditory pathway remain unrecognized and underinvestigated. Implementation of language-related training activities 9 with a high cognitive and linguistic load 10 or even simply listening to music or audiotapes 11 after stroke may lead to broad functional improvements in communication, but improvements may not generalize to untrained auditory stimuli or cognitive tasks. 12, 13 Moreover, everyday life communication is more demanding than laboratory tests. 14 Thus, as well as identifying auditory processing deficits after stroke, there is a need to assess the patientreported difficulties in a range of everyday life situations, including persistent nonspeech-based difficulties with recognition and localization of sounds.
The aims of our study were to measure patient-reported hearing difficulties in everyday listening situations in nonaphasic patients with stroke of central auditory pathways compared with normal control subjects who were agematched and hearing-matched, and to examine how questionnaire-reported hearing deficits correlate with results of auditory processing tests, audiometric thresholds, and site of the lesion in individual cases.
Materials and Methods
Ethics approval was obtained. All subjects gave written informed consent. All procedures adhered to institutional guidelines.
Consecutive patients with an acute history of ischemic or hemorrhagic cerebral stroke affecting the auditory brain who had been admitted to the Acute Stroke and Brain Injury Unit at the National Hospital for Neurology and Neurosurgery were identified on the basis of their brain MRI, recruited, and tested 4 weeks to 12 months after their stroke. Inclusion criteria for case subjects were acute stroke of the central auditory pathway (Ϯadjacent areas) on MRI and audiometric thresholds better than 40 dBHL at 1 kHz. Exclusion criteria were the presence of aphasia, dementia, and psychiatric disorders. Normal control subjects were matched at group level to the case groups for gender, handedness, and average audiometric thresholds. All subjects underwent baseline audiometric tests, clinical central auditory test battery, Amsterdam Inventory for Auditory Disability, and brain MRI.
Baseline audiometric tests, including tympanometry to assess middle ear function and pure-tone audiometry (PTA) with a calibrated GSI 61 audiometer, to assess hearing thresholds were performed. Outcome measures for the pure-tone audiometry were right and left ear averages at 250, 500, 1000, 2000, 4000, and 8000 Hz for comparisons in the 2 groups, and the better ear threshold for comparison with questionnaire scores.
A clinical central auditory test battery, as recommended by the American Academy of Audiology, 15 of tests that are minimally affected by elevated hearing thresholds was performed. These included the dichotic digits, frequency pattern and duration pattern, and gaps in noise tests (online-only Supplemental Methods, http://stroke.ahajournals.org). Outcome measures were the proportion of abnormal results compared with normative data for each test to compare results in cases versus controls and separate left and right ear dichotic digits scores (because these reflect ear performance in competition), better ear score for duration pattern and frequency pattern, and better ear threshold for gaps in noise to assess correlation between test results and questionnaire scores.
The Amsterdam Inventory for Auditory Disability was performed. 16 This is a 28-item patient-reported questionnaire that assesses everyday listening ability with 5 main subscales: detection, distinction/recognition, localization of sounds, intelligibility of speech in noise, and intelligibility of speech in quiet. Answers range from "almost never" (score of 3 points) to "almost always" (0 points), scored on a 4-point scale, with a higher score denoting higher disability The questionnaire was administered to subjects before testing. Outcome measures were subscores calculated as the sum of scores for questions answered divided by their number for each subscale.
Case subjects but not control subjects underwent brain MRI conducted 1 to 2 weeks after the clinical presentation of the original neurological lesion and evaluated by an experienced neuroradiologist (J.S.). MRI were performed on a Sigma 1.5-T system (Echo Speed ϩ; General Electric). All subjects underwent an axial T2-weighted fast spin echo sequence (repetition time/echo timeϭ6000/102 ms), an axial T2*-weighted gradient echo sequence (repetition time/echo timeϭ300/40 ms), and a coronal FLAIR sequence (repetition time/ inversion time/echo timeϭ9895/2473/140 ms) as per the vascular MRI protocol. The precise anatomic location of each lesion was reported by an author (J.S., who was blinded to the auditory test and questionnaire results).
Definition of the Central Auditory Pathway
The central auditory nervous system, consisting of cortical and subcortical structures and interhemispheric connections, was defined on the basis of current scientific understanding 4, 17, 18 (see online-only Supplemental Methods).
Statistical Analysis
The statistical package for the social sciences (SPSS 17) was used. After Bonferroni adjustment, PՅ0.003 was deemed significant. Mann-Whitney U test was used to assess differences in descriptive variables. The CI for differences in means were reported. For subscales that showed significant differences, individual patient scores were converted into z scores relative to the mean and the SD of the controls to assess results versus lesion on a case-by-case basis, with a z score of Ն3 deemed as significant. The 2 tests were conducted to assess difference in proportions of abnormal test results. A Spearman rho correlation analysis was performed to assess correlations between the questionnaire's 5 subscores and test results. Correlations were classified as moderate (0.4ϽSpearman rho Ͻ0.6) and strong (rhoՆ0.6) for PϽ0.003.
Results
We recruited 44 subjects (21 case subjects and 23 control subjects). Age, sex, and pure tone averages were not significantly different in case subjects versus control subjects ( Table 1 ). The lesion description of case subjects is provided in Table 2 .
Case subjects had a higher proportion of abnormal results than control subjects in all the auditory processing tests. After Bonferroni adjustment, this remained significant for dichotic digits, frequency pattern tests, and duration pattern tests (PϽ0.003; online-only Supplemental Table I ). 21 (11) 15 (9) 0.090
27 (14) 24 (14) 0.556 F indicates female; L, left; M, male; PTA, pure-tone audiogram; R, right; SD, standard deviation.
The 5 Amsterdam Inventory subscores were higher (indicating more disability) in case subjects than in control subjects. After Bonferroni correction, this remained significant for sound recognition and localization (Table 3 ). The z scores for sound recognition and localization subscales are shown in Table 4 .
Correlation of Amsterdam Inventory Subscores and Central Auditory Test Better Ear Results
The Spearman rho correlation matrix (online-only Supplemental Table II) showed strong (rhoՆ0.6; PϽ0.001) correlations between all questionnaire subscales and the left ear dichotic digits and localization.
Correlations were moderate (rhoϾ0.4; PϽ0.003) between the left ear dichotic digits score and sound detection, recognition, and speech in quiet. Correlation was also moderate with speech in noise, albeit at Pϭ0.005. They were also moderate between the frequency pattern better ear score and sound recognition and localization, and between the duration pattern better ear score and localization.
Discussion
This is one of few studies to address patient-reported auditory function in the chronic phase after stroke. We found that patients with stroke affecting the central auditory pathways reported significantly greater functional difficulties in everyday tasks that require recognition and localization of sound than control subjects: 9 out of 21 case subjects (43%) reported significant limitations, as judged by z scores. Deficits in behavioral tests in these 2 key domains of sound processing have been reported in the chronic stage after stroke. 4 Such deficits are attributed to stroke-related damage of overlapping but largely separate auditory processing networks that consist at the cortical level of the "what" and the "where" auditory streams, 19 with a similar functional organization postulated at the subcortical brain stem level. 20 Visual inspection of individual case results did not show any obvious relation between extent of the lesion and z scores in sound recognition/localization: in 3 out of 9 cases with high z scores, the lesion was subcortical only. Others 7 similarly report an absence of simple relation between extent of lesion and severity of behavioral test deficits.
On a single case study basis, there were some interesting correlations between abnormal findings in the 2 subscales (Table 4 ) and site of lesion (Table 2 ). Case subjects 3 and 5 both had localization deficits in the presence of right insular involvement. This is consistent with previous findings of prominent sound movement detection deficits in a stroke patient with a right insula lesion. 21 Case subjects 8 and 14 had a lesion in the (left and right, respectively) posterior limb of the internal capsule and reported recognition and localization difficulties, indicating that this structure may be necessary for both functions. Of interest, disuse-related anisotropy of the internal capsule has been reported in early deafness. 22 Case subject 10, with a lesion of the right brain stem, including the superior olive, and cerebellum, had a high z score for localization. Within the human brain stem, the superior olivary complex compares binaural sound cues (interaural intensity and time differences) and is an integral component for the computation of auditory space. 23 Localization of sounds may also depend on integration of audiovisual cues, with combined audiovisual motion leading to functional MRI activation clusters in the cerebellum. 24 Case subject 20, who had a right medial frontal gyrus stroke, reported both recognition and localization difficulties. Westerhausen et al 25 identified significant interaction of functional MRI activation in this structure by interaural intensity difference and attention demand, whereas it has been proposed that the right frontal cortex is an important working memory station for both "what" and "where" auditory functions. 26 
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In contrast to previous studies, 5 we did not find a significant difference between patient reported difficulties with speech in quiet or in noise. This may be because of the exclusion of aphasics from our study, or because of falsenegative type errors attributable to the Bonferroni adjustment. Patient-reported disability did not correlate with better ear pure-tone average. The original validation study of the questionnaire similarly found a poor correlation with thresholds. 27 Our findings may be consistent with reports that in patients with auditory neglect after stroke, manipulation of the sound volume has no influence on the neglect, consistent with the hypothesis that sound volume is represented in the brain as encoded information rather than as a linear representation. 28 The left ear dichotic digit test score was a good marker for difficulties with localization, sound detection, recognition, as well as speech. The dichotic digits relies in interhemispheric callosal transfer that is sensory-driven, context-dependent, and strongly modulated by attention, and is necessary for auditory scene analysis tasks such as figure/background separation and sound localization. 29 The frequency pattern correlated with patient-reported difficulties with sound recognition. Some of the items of this subscale include recognition of melodies, distinguishing intonation and inflections in people's voices, and hearing rhythm in a song, which may well depend on the pitch pattern content and changes of the perceived sounds. 30 Higher-order top-down effects also play a significant role in such functions. 31 Both pattern tests correlated with localization. Both spectral and temporal cues are required for this function; however, localization of sounds in real life is a more complex process that may encompass multiple sensory input. 32 The correlation of tests results with questionnaire subscales thus could be attributed to a range of auditory and cognitive factors.
Limitations of the study include lack of information regarding cognitive aspects such as memory and attention that might also have an impact on everyday life auditory function in the sample, lack of imaging data for the normal control subjects, and lack of a stroke control group with lesions not affecting the auditory pathway. Nevertheless, the findings of this questionnaire study are broadly consistent with either case or group studies that included psychophysical and imaging tests, 4, 21 and they provide evidence that some case subjects after stroke of the auditory brain report severe auditory functional limitation, not limited to speech, in everyday life. Although the study was limited to 44 subjects, it is the largest used for this topic to date and we corrected for the sample size using the Bonferroni adjustment.
Our findings have implications for the clinical management of stroke patients. Hearing loss may increase the risk of functional decline in older patients with stroke living in the community. 8 There are no data about the effect of "central" hearing impairments on functional decline, but such impair- ments could limit the ability of the patient to reintegrate in the community and to participate in the rehabilitation programs after stroke. The neurological model posits that "auditory cognition" disorders require a detailed diagnostic interview and individually tailored testing. 1 Exhaustive testing of every single patient may be time-consuming and impractical; however, our preliminary results suggest that a minimum assessment with some basic tests (eg, pure tone audiometry and dichotic digits testing) in addition to a questionnaire may identify those patients with high levels of disability that require additional investigation and input. Such an approach would facilitate identification of specific deficits and functional limitations that should be remediated by a range of approaches. Future studies should combine administration of a questionnaire in addition to psychoacoustic tests that are more specific to the patient-reported difficulties and comparison of questionnaire results (ideally on question basis) to imaging data, neurocognitive function, and psychoacoustic results. Further research is required to replicate and extend these findings. The sensitivity of any screening test for auditory processing deficits will need validation in larger stroke cohorts.
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Duration pattern test (DPT)
. 4 The test stimuli consist of 3 tone burst sequences that combine a long (500 ms) and brief duration (250 ms) tones of 1000 Hz, composed of two bursts of the same and one burst of a different duration at 300 ms interstimulus intervals. The listener is required to name the sequence (e.g., short-long-short). A total of 30 patterns were presented monaurally and 2 a percentage of correct responses for each ear calculated. Normal scores are ≥ 70% correct and the specificity of the test in separating cochlear versus central auditory lesions is 92% .
4
Gaps in Noise test (GiN). 5 In this test the patient is monaurally presented with a 6 second burst of white noise with 0 to 3 gaps of varying duration (2ms to 20ms). The patient has to identify the number of gaps in each noise burst. The gap detection threshold is defined as the shortest gap duration that the patient can correctly identify in 50% of the trials (i.e., in 3 out of 6 trials for each gap duration). Normal results are a threshold of ≤ 6 ms.
Supplemental definition of the auditory pathway
Cortex: Heschl's gyrus (transverse gyrus), the planum temporale, supramarginal gyrus, angular gyrus, inferior parietal lobe, inferior frontal lobe, and insula are established components of the CANS. 6 More recent evidence indicates that these and some additional structures are involved in sound recognition ("What" auditory stream) and localization ("Where" auditory stream): 7, 8 -"What" stream: the anterior part of the middle temporal gyrus, the ventral part of the precuneus and the left prefrontal cortex, the midtemporal convexity bilaterally, the parahippocampal gyrus bilaterally (predominantly on the left ), the left frontal operculum and the ventral precuneus bilaterally.
-"Where"auditory stream: inferior parietal lobule bilaterally (predominantly on the right), the premotor cortex bilaterally, ventral prefrontal cortex on the right and anterior part of the cingulate gyrus and the dorsal part of the precuneus.
-Shared "what" and "where" stream auditory structures: auditory thalamus, the acoustic radiation and Heschl's gyrus (transverse temporal gyrus), the auditory callosal pathways and supratemporal plane and the middle prefrontal gyrus. 
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